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ABSTRACT

The hydrophobically modified glycol chitosan (HGC) nanomicelle has received increasing attention as a promising platform for the delivery
of chemotherapeutic drugs. To improve the tumor selectivity of HGC, here an avidin and biotin functionalization strategy was applied. The
hydrodynamic diameter of the biotin-avidin-functionalized HGC (cy5.5-HGC-B4F) was observed to be 104.7 nm, and the surface charge
was +3.1 mV. Confocal and structured illumination microscopy showed that at 0.1 mg/ml, cy5.5-HGC-B4F nanomicelles were distributed
throughout the cytoplasm of MDA-MB-231 breast cancer cells after 2 h of exposure without significant cytotoxicity. To better understand
the intracellular fate of the nanomicelles, entrapment studies were performed and demonstrated that some cy5.5-HGC-B4F nanomicelles
were capable of escaping endocytic vesicles, likely via the proton sponge effect. Quantitative analysis of the movements of endosomes in
living cells revealed that the addition of HGC greatly enhanced the motility of endosomal compartments, and the nanomicelles were
transported by early and late endosomes from cell periphery to the perinuclear region. Our results validate the importance of using live-cell
imaging to quantitatively assess the dynamics and mechanisms underlying the complex endocytic pathways of nanosized drug carriers.

Published under license by AVS. https://doi.org/10.1116/6.0000380

I. INTRODUCTION

The application of nanotechnology in cancer therapy leads to
great developments in nanoparticle (NP)-based drug delivery
systems for diverse therapeutic agents. In general, NPs are defined
as particles with a size range between 1 and 1000 nm in at least one
dimension." They can preferentially circulate and accumulate at
tumor sites through the enhanced permeation and retention effect
caused by the leaky tumor vasculature and defective lymphatic
drainage, achieving enhanced tumor targeting and prolonged
therapeutic effect.” In recent decades, self-assembling polymeric
nanomicelles have been extensively exploited as carriers for poorly
water-soluble anticancer drugs.} Under an aqueous environment,
polymeric nanomicelles display a shell-core structure above the
critical micelle concentration (CMC), allowing for the solubilization
of hydrophobic drugs in the core and the stabilization and
protection of the internal reservoir from the surroundings.

Among the various polymeric nanomicelles used for drug
delivery, chitosan, a deacetylated derivative of chitin, has attracted
much attention due to its nontoxicity, pH sensitivity, biodegrad-
ability, and biocompatibility."® Glycol chitosan is a commercially
available derivative of chitosan with greatly improved water solubil-
ity. It can be modified with a hydrophobic bile acid, 58-cholanic
acid, to enable the self-assembly of amphiphilic hydrophobically
modified glycol chitosan (HGC) nanomicelle. Comprising a hydro-
philic shell and a hydrophobic core, HGC has been proven as an
efficient carrier for various chemotherapeutic drugs and genes such
as paclitaxel, camptothecin, doxorubicin, and siRNA. ™"

In order to improve the therapeutic potential of nanomicelles,
it is crucial to understand their intracellular fate. Upon entry into
cells via distinct endocytic pathways, incoming nanocarriers may
be rapidly recycled to the plasma membrane, and some of them
may become trapped in early endosomes (pH 6.1-6.8). Then,
early endosomes mature into late endosomes (pH 4.8-6.0) and
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subsequently fuse with more acidic lysosomes (pH 4.5).'>'* This
significant drop in pH in the endocytic pathway leads to the
degradation of cargo therapeutics by lysosomal enzymes, which is
considered as a critical barrier to the intracellular release of drug
payloads.'” Therefore, it is beneficial to develop nanosized drug
carriers that can escape this degradative pathway and efficiently
release the therapeutic cargo into the cytosol. Notably, cationic
polymers with high buffering capacities over a broad pH range
have been shown to escape from endolysosomal compartments via
the proton sponge effect and, therefore, are favored for drug deliv-
ery applications."”™"” The proton sponge hypothesis was first pro-
posed by Bossif in 1995 with an attempt to explain the high
transfection efficiency of polyethylenimine.”” The endolysosomal
escape of chitosan, the only natural cationic polysaccharide, and its
derivatives have been observed in multiple studies.”' ™ However,
due to the lack of direct evidence, the proton sponge effect of chito-
san and other cationic polymers remains controversial with many
reports questioning its validity.”"® Recently, hypotheses such as
the polyplex-mediated membrane disruption and the polymer-
mediated membrane disruption have been introduced as alternative
endosomal escape mechanisms.”” ™’

In the present study, HGC was biofunctionalized with a biotin
and avidin binding strategy. As one of the strongest noncovalent
bonds known in nature, the biotin and avidin interaction is highly
specific and can be easily linked to different molecules.”” Here,
biotin-4-fluorescein (B4F) was used as a model targeting ligand
and was linked to HGC nanomicelles via biotin and avidin
binding. The physicochemical properties of the biofunctionalized
HGC (cy5.5-HGC-B4F) nanomicelles were characterized, and their
intracellular uptake was tracked using in vitro confocal studies and
structured illumination microscopy (SIM). The endosomal entrap-
ment of the nanomicelles was investigated using SIM, which pro-
vided direct evidence in support of the proton sponge model. To
better understand the endosomal trafficking of nanomicelles, the
intracellular movements of endocytic vesicles in living cells treated
with HGC were quantitatively evaluated using high-resolution
time-lapse videomicroscopy at the single-cell level. To date, an
increasing number of studies have been conducted to investigate
endosomal trafficking using live-cell imaging techniques.” ™’
However, most of these studies focused on local endosomal events
that occurred within only a few seconds or minutes and lacked a
global understanding of the endocytic process.”” Herein, we
described an analytical method with which the movements of
endosomal compartments were tracked for hours.

Il. MATERIALS AND METHODS
A. Materials

Glycol chitosan (high molecular weight), N-hydroxysuccinimide
sodium salt (sulfo-NHS), 5p-cholanic acid, and 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride were purchased
from Sigma-Aldrich (St. Louis, MO). The 4'-hydroxyazobenzene-
2-carboxylic acid/avidin (HABA/avidin) assay kit, sulfo-NHS-
LC-biotin, avidin, CellLight Early/Late Endosomes-green
fluorescent protein (GFP), wheat germ agglutinin (WGA) conju-
gated with Texas Red-X, 4',6-diamidino-2-phenylindole dihydro-
chloride (DAPI), Hoechst 33342 solution, goat antimouse IgG
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(H +L) secondary antibody, and Alexa Fluor 488 were purchased
from Thermo Fisher Scientific (Rockford, IL). Cyanine5.5 NHS
ester (cy5.5 NHS ester) was purchased from Lumiprobe
(Hallandale Beach, FL). B4F was obtained from Biotium (Hayward,
CA). D-(+)-biotin was purchased from Santa Cruz Biotechnology
(Dallas, TX). Serum-free, phenol red-free Dulbecco’s modified
Eagle medium (DMEM) and Leibovitz’s L-15 medium (L-15) were
obtained from Gibco (Carlsbad, CA). Mouse anti-EEA1 (clone 14)
monoclonal antibody was purchased from BD Biosciences (San
Jose, CA).

B. Synthesis of biotin-avidin-functionalized HGC
nanomicelles

The detailed preparation process of biotin-avidin-functional-
ized HGC (cy5.5-HGC-B4F) is described in the supplementary
material.”’ Briefly, glycol chitosan (GC) was biotinylated with
sulfo-NHS-LC-biotin to obtain biotinylated glycol chitosan (BGC),
followed by linking to avidin (BGCA). The level of biotinylation
was quantified by the HABA/avidin assay according to the manu-
facturer’s instructions and was calculated using Eq. (1). Then,
53-cholanic acid was applied to hydrophobically modify BGCA
(BHGCA). After that, B4F was incorporated into BHGCA via the
biotin-avidin binding, and cy5.5 NHS ester (cy5.5) was conjugated
to the nanomicelles to yield the functionalized nanomicelles
(cy5.5-HGC-B4F). Similarly, HGC and biotinylated HGC (BHGC)
nanomicelles were prepared, and biotin-avidin-functionalized HGC
nanomicelles without fluorescence labeling (HGC-B) were synthe-
sized by linking D-(+)-biotin to BHGCA for cytotoxicity study. To
enable the visualization of unmodified nanoparticles, HGC was
fluorescently labeled with cy5.5 (cy5.5-HGC) using a method
similar to the conjugation of cy5.5 to HGC-B4F and used in the
subsequent intracellular trafficking studies,

amount of grafted biotin

Biotinylation efficiency = 100%. (1)

amount of added biotin

C. Characterization of cy5.5-HGC-B4F nanomicelles

The particle size distribution and surface charge of cy5.5-HGC
and cy5.5-HGC-B4F were examined using a dynamic light scattering
(DLS) and zeta potential system (Malvern Instruments, Westborough,
MA, USA). Prior to analysis, the nanomicelles were suspended in
HPLC water (0.25 mg/ml), probe-type sonicated (S-450D Sonifier,
Branson Ultrasonics, Danbury, CT) at 90 W three times for 2 min in
an ice bath and filtered with 0.8 and 0.2 um syringe filters. The parti-
cle size measurements were taken in backscattering mode, and
the surface charge measurements were performed in zeta dip cells.
The particle size and surface charge values are expressed as the
mean =+ standard deviation.

For transmission electron microscopy (TEM), a small drop
(5ul) of the nanomicelle suspension was deposited onto 300-mesh
copper TEM grids coated with a lacey film and allowed to dry at
room temperature in darkness. The TEM images were captured
with a JEOL 1400 TEM (JEOL Ltd., Peabody, MA) at an accelerat-
ing voltage of 60 keV.
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D. MTS assays

MDA-MB-231 human breast carcinoma cells were seeded in
24-well plates at 7500 cells/cm” in phenol red-free Dulbecco’s
Modified Eagle medium (DMEM) containing 4.5 g/l glucose, sup-
plemented with 4 mM L-glutamine, 1% penicillin/streptomycin,
and 10% fetal bovine serum (FBS) and allowed to attach at 37 °C in
a 5% CO, atmosphere overnight. The nanomicelles were suspended
in phenol red-free DMEM, followed by probe-type sonication and
sterile filtration through a 0.2 um syringe filter. Then, the cells were
exposed to nonfluorescently labeled HGC, BHGC, or HGC-B sus-
pensions at concentrations ranging from 0.1 to 300 ug/ml for up to
72h. On the day of the assay, fresh cell culture medium was given
and the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay (Promega, Madison,
WI) was performed according to the manufacturer’s protocol. The
absorbance at 490nm was recorded with a spectrophotometer
(Tecan Infinite 200 PRO, Tecan, Switzerland).

E. Cellular uptake

The cellular wuptake and intracellular stability of
cy5.5-HGC-B4F nanomicelles were investigated in MDA-MB-231
cells. In brief, the cells were seeded at 15000 cells/cm” onto 12 mm
circular glass coverslips previously placed inside the wells of a
24-well plate and allowed to attach overnight. Then, a 100ug/ml
suspension of cy5.5-HGC-B4F in serum-free DMEM was added,
and the cells were incubated for up to 24 h. At desired time points,
the cells were fixed with 3.7% formaldehyde for 15 min and per-
meabilized with 0.4% Triton X-100 for 8 min. The cell membranes
were stained with Texas Red-X-conjugated WGA (5ug/ml) for
10 min, followed by washing with PBS, and the cell nuclei were
stained with DAPT (2.5ug/ml) for 5 min. The glass coverslips were
then mounted on microscope slides and imaged with a Zeiss LSM
510 META NLO two-photon confocal laser scanning microscope
(CLSM) and a Nikon structured illumination microscope (N-SIM).

F. Entrapment within early endosomes

The MDA-MB-231 cells were seeded at 15000 cells/cm® onto
12 mm circular glass coverslips in the wells of a 24-well plate and
allowed to attach overnight. Before treatment, the cells were main-
tained at 4 °C for 15 min to preadapt to the low temperature. Then,
the cells were treated with a 20 ug/ml suspension of cy5.5-HGC or
cy5.5-HGC-B4F prepared in cold serum-free DMEM and incubated
at 4°C for another 1h. Cells cultured in serum-free DMEM were
served as controls. Subsequently, the cells were washed with ice-cold
PBS and transferred to 37 °C. At desired time points, the cells were
fixed with 3.7% formaldehyde for 15min and permeabilized with
0.2% Triton X-100 for 7 min. To stain the early endosomes, the fixed
cells were first incubated with 5% normal goat serum for 30 min, fol-
lowed by incubation with mouse antihuman EEA1 primary antibod-
ies at 1:250 dilution for 1h. Secondary antibodies (Alexa Fluor
488- and rhodamine-conjugated goat antimouse secondary antibod-
ies for cy5.5-HGC- and cy5.5-HGC-B4F-treated cells, respectively)
were then applied for 1h at a dilution of 1:2000, and the cell nuclei
were stained with Hoechst 33342 (1:2000) for 5 min. The stained
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cells were observed under an N-SIM microscope equipped with a
100 objective (NA 1.30).

G. Time-lapse videomicroscopy

Endosomal trafficking in living MDA-MB-231 cells treated
with c¢y5.5-HGC was monitored by time-lapse fluorescence
microscopy. Specifically, the MDA-MB-231 cells were seeded in
35mm glass-bottom MatTek dishes (150000 cells/dish) and
allowed to attach overnight. Subsequently, 75l of CellLight early
or late endosome-GFP reagent was added to label either the early
endosomal or late endosomal vesicles in the cells and further
incubated for 24 h. Prior to imaging, the cells were washed with
PBS and replaced with fresh phenol red-free Leibovitz’s-15 (L-15)
medium supplemented with 10% FBS and 1% penicillin/strepto-
mycin to maintain the physiological pH. A cy5.5-HGC suspension
was added to the cells at a final concentration of 0.2 mg/ml, and
the cells were visualized immediately using an Olympus IX51
inverted fluorescence microscope equipped with a 60X objective
at 37°C in the absence of CO,. The time-lapse images were
acquired up to 180 min at 1-min intervals from 0 to 4 min, at
2-min intervals from 4 to 20 min, at 5-min intervals from 20 to
120 min, and at 10-min intervals from 120 to 180 min. Cells
cultured in only complete L-15 medium were also imaged and
served as controls.

H. Image analysis

The time-lapse images were analyzed using IMAGE] software
with the Manual Tracking plug-in Ref. 39. More than 40 early and
late endosomes from each MDA-MB-231 cell were randomly
selected for image processing. The velocity and distance traveled by
each early and late endosome were measured based on the pixel
coordinates (1 pixel = 0.107 um).

lll. RESULTS
A. Biotinylation and avidinylation of glycol chitosan

As shown in Fig. 1(a), BGC was prepared by reacting the
amino groups on the GC backbone with sulfo-NHS-LC-biotin. The
biotinylation level of BGC was determined using the HABA/avidin
assay and the absorbance of HABA/avidin and BGC mixture was
recorded at 500nm. According to the HABA/avidin assay,
24.29 mol of biotin molecules were successfully conjugated to 1 mol
of GC and available for binding to avidin, rendering a biotinylation
efficiency of 97.93%. After the biotinylation process, avidin was
linked to BGC to form biotinylated and avidinylated glycol chito-
san (BGCA). For BGCA containing both biotin and avidin, the bio-
tinylation level was decreased to 14.10 mol biotin/mol BGCA. This
indicates that only 14 biotin molecules remained available for
binding after the avidinylation process, revealing that on average
the added avidin connected to 10 biotins on each BGC molecule.
With four identical subunits, each avidin molecule can accommo-
date a maximum of four biotinylated moieties; therefore, at an
avidin:BGC feed ratio of 3:1 (mol/mol), for every BGC molecule,
12 biotin-binding sites were presented. Out of these 12 binding
sites, 10 became occupied by avidin, leaving 2 empty binding sites
available for subsequent binding with B4F. Following the
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FIG. 1. (a) Synthesis scheme of cy5.5-labeled hydrophobically modified glycol chitosan (cy5.5-HGC) and biotin-avidin-functionalized HGC (cy5.5-HGC-B4F). (b) Dynamic
light scattering analysis of cy5.5-HGC nanomicelles. Inset: TEM image showing individual cy5.5-HGC micelles. Scale bar, 500 nm. (c) Dynamic light scattering analysis of
cy5.5-HGC-B4F nanomicelles. Inset: TEM image showing a single cy5.5-HGC-B4F micelle. Scale bar, 100 nm.

avidinylation process, 58-cholanic acid was attached to the free 100 sugar residues of GC, was estimated to be 18.5. Subsequently,
amino groups on BGCA to facilitate the self-assembly of hydro- cy5.5 NHS ester was conjugated to the amino group of GC, and
phobically modified BGCA (BHGCA) nanomicelles. The degree of B4F was attached to the nanomicelles by binding to avidin. Based
substitution (DS), defined as the number of 53-cholanic acid per on the above calculations, it was estimated that in the resultant
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biotin-avidin-functionalized HGC (cy5.5-HGC-B4F) nanomicelle,
B4F was linked to BHGCA at a molar ratio close to 2:1.

B. Physical characteristics of cy5.5-HGC-B4F
nanomicelles

The hydrodynamic diameters (z-average) of cy5.5-HGC and
cy5.5-HGC-B4F nanomicelles were determined by DLS to be
269.2 + 7.1 and 104.7 £+ 4.1 nm, respectively [Figs. 1(b) and 1(c)].
The corresponding polydispersity values were 0.20 and 0.25,
respectively, indicating a narrow range of particle size distribution
of ¢y5.5-HGC and cy5.5-HGC-B4F nanomicelles. Moreover, the
TEM images reveal the spherical morphologies of cy5.5-HGC and
cy5.5-HGC-B4F, with size ranges of 230-250 and 80-100 nm,
respectively [inset of Figs. 1(b) and 1(c)]. The slightly decreased
particle size of both nanomicelles noted in the TEM images as
compared to that in the DLS measurements was most likely due to
the drying process of the TEM grid preparation. The surface
charges of the cy5.5-HGC and cy5.5-HGC-B4F nanomicelles were
measured to be +16.0 + 0.6 and +3.1 &+ 0.7mV, respectively,
which can be explained by the cationic nature of chitosan.

C. In vitro cytotoxicity studies

To assess the effects of biotinylation and avidinylation on the
biocompatibility of HGC nanomicelles, we analyzed the cytotoxic-
ity of nonfluorescently labeled HGC, BHGC, and biotinylated and
avidinylated HGC (HGC-B) in the MDA-MB-231 cells (Fig. 2).
The percentage cell viability was defined as the ratio of the absor-
bance of treated cells to that of untreated cells. Noticeably, the via-
bility of cells treated with either HGC or BHGC was maintained at
or above 80% for up to 72h, at all concentrations tested [Figs. 2(a)
and 2(b)]. In contrast, nanomicelles that were further avidinylated
(HGC-B) caused significant cell death after 72h of exposure at
300ug/ml (p < 0.001), as the viability of cells dropped to 19.3%
[Fig. 2(c)], demonstrating the enhanced cytotoxic activity of the
nanomicelles upon surface modification by avidin. It is interesting to
note that when HGC-B was applied at concentrations lower than
300 ug/ml, cell viability remained above 80%. Thus, cy5.5-HGC-B4F
at concentrations below 300 ug/ml was used for the following cellu-
lar uptake studies to ensure the full viability of the cells.

D. Cellular uptake of cy5.5-HGC-B4F nanomicelles

To examine the cellular uptake and distribution of the nano-
micelles, the MDA-MB-231 cells treated with 100ug/ml
cy5.5-HGC-B4F were evaluated using CLSM. In the CLSM images,
avidin-bound B4F was visualized in the green channel, whereas
cy5.5-conjugated HGC was visualized in the magenta channel
[Fig. 3(a)]. After 2h of incubation, colocalization (visualized as
white regions) between B4F and cy5.5 was observed throughout the
cytoplasm. Pearson’s correlation coefficient (PCC) analysis (n=4)
was performed for the colocalization of B4F and cy5.5 using IMAGE]
software with the Coloc 2 plug-in [Fig. 3(c)]."” The PCC values
greater than 0.6 indicated a quite high degree of colocalization of
B4F and cy5.5 in the cytoplasm. To further understand the intracel-
lular distribution of nanomicelles, the cells were visualized using
N-SIM [Fig. 3(b)]. By overcoming the resolution limit of
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FIG. 2. Cell viability of MDA-MB-231 cells treated with (a) HGC, (b) BHGC, or
(c) HGC-B for up to 3days. All data are presented as the mean + standard
deviation from three independent experiments. The viability of treated cells was
compared to that of untreated cells, *p < 0.05 significant, **p < 0.01 very sig-
nificant, and ***p < 0.001 extremely significant.

conventional microscopes, N-SIM allows for the observation of
individual nanosized particles. The cell plasma membrane was
visualized by Texas Red-X-conjugated WGA staining. In accor-
dance with the CLSM images, the N-SIM images also reveal clear
colocalization between B4F and cy5.5, as evidenced by individual
white spots throughout the cytoplasm. In addition, the
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FIG. 3. Cellular uptake of cy5.5-HGC-B4F nanomicelles visualized by (a) CLSM and (b) N-SIM. B4F is visualized in the green channel, and cy5.5 is visualized in the
magenta channel. The cell nuclei were stained with DAPI (blue) and cell membranes were stained with Texas-Red-labeled WGA (red). Scale bar, (a) 50 um and (b) 5um.
(c) Analysis of fluorescence colocalization. Pearson’s correlation coefficient + standard deviation (n = 4) for the colocalization of cy5.5 and B4F in the CLSM images was

obtained with IMAGE..

nanomicelles were observed to distribute within the cells without
any colocalization with the plasma membrane over the course of
the entire experiment, suggesting that cy5.5-HGC-B4F nanomi-
celles were internalized by the cells within 2 h of incubation.

E. Entrapment of nanomicelles within early endosomes

The intracellular fate of nanomicelles was examined in
MDA-MB-231 cells after a 1-h incubation with 20ug/ml

cy5.5-HGC or cy5.5-HGC-B4F initially at 4 °C, which would block
endocytosis due to the temperature sensitivity of several proteins
and enzymes.'""* Afterwards, the endocytotic processes were
allowed to resume at 37°C for the desired time points. In the
N-SIM images, cy5.5-HGC and cy5.5-HGC-B4F nanomicelles
appear as magenta dots, and the early endosomes stained with
anti-EEA1 antibody are pseudocolored green. According to
Fig. 4(a), at 1-8h postincubation at 37°C, cy5.5-HGC nanomi-
celles were present both around and within the circular endosomal

Biointerphases 15(6), Nov/Dec 2020; doi: 10.1116/6.0000380
Published under license by AVS.

15, 061003-6


https://avs.scitation.org/journal/bip

Biﬂiﬂtﬂl‘ﬂllasﬂs ARTICLE avs.scitation.org/journal/bip

A Journal of Biomaterials and Biological Interfaces

structures, as indicated by the white arrows. As reported in Video  within the early endosomes [Fig. 4(a)]. The average diameter of
S1 in the supplementary material,’’ the 3D reconstruction of the early endosomes and the percentage of cy5.5-HGC nanomicelles
z-stack clearly reveals the entrapment of nanomicelles in the early  entrapped in the early endosomes were measured across 6 cells per
endosomes at 3 h postincubation. At time points longer than 8h  time point using IMAGE] software [see Figs. 5(a) and 5(b)].
(i.e, 18 and 24h), the nanomicelles were no longer entrapped  Interestingly, when treated with cy5.5-HGC, at time 0, the early

A

FIG. 4. N-SIM images of MDA-MB-231 cells treated with (a) cy5.5-HGC (magenta) and (b) cy5.5-HGC-B4F (magenta). (c) Early endosomes in untreated cells. The early
endosomal vesicles were visualized by immunofluorescence staining with anti-EEA1 monoclonal antibodies (pseudocolored green). The cell nuclei were stained with
Hoechst (blue). The white arrows indicate the entrapment of nanomicelles in the early endosomes. Scale bar, 5 um.
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endosomes appeared as small circular structures (747.3-789.8 nm
in diameter). As the incubation time increased, a greater fraction of
HGC nanomicelles was entrapped in the early endosomes [Fig. 5
(b)], while the early endosomes gradually increased in size [Figs. 4
(a) and 5(a), filled circle]. After reaching a maximum size at 8h
(1265.7-1332.5nm in diameter), the early endosomes started to
shrink and the ratio of entrapped nanomicelles decreased. The
enlargement of early endosomes could be associated with the
fusion events between early endosomes, the maturation of early
endosomes, as well as the accumulation of nanomicelles.'””’
Similar trends of nanomicelle entrapment and endosomal enlarge-
ment from 1 to 8h postincubation were observed in
cy5.5-HGC-B4F-treated cells [Figs. 4(b), 5(a), and 5(b), empty tri-
angle]. On the contrary, in untreated cells [Fig. 4(c)], no significant
change in early endosomal diameter could be detected at 0, 8, or
24h [p > 0.05, Fig. 5(c), empty square]. The size of early endo-
somes observed in this study is consistent with a previous report in
which early endosomes displayed a tubulovesicular structure with a
diameter up to 1000 nm."’

F. Live-cell trafficking of early and late endosomes in
human breast cancer cells

To explore the exact route of intracellular tracking, herein,
living MDA-MB-231 cells transfected to express GFP-tagged
marker proteins for either early (Rab5) or late (Rab7) endosomes
were examined by time-lapse videomicroscopy at 37°C. As shown
in Fig. 6, at time 0 (immediately after exposure to nanomicelles),
both early and late endosomes located in the periphery of the cell
appeared as small round structures (Fig. 6, yellow arrows), while a
few larger endosomes were found in the perinuclear region (Fig. 6,
yellow arrowheads). Following the addition of cy5.5-HGC, endo-
somes at the cell periphery underwent saltatory oscillations, with a
net directional movement toward the nucleus [Figs. 7(a) and 7(b)].
Endosomes that were initially close to the nucleus migrated in
random directions over a short distance and remained near the
nucleus. On the contrary, early and late endosomes in untreated
cells moved back and forth in a restricted region, exhibiting what
was likely to be Brownian motion [Figs. 7(c) and 7(d)]. The time-
lapse videos are shown in Videos S2, S3, S4, and S5 in the supple-
mentary material.”’ Quantitative analysis of the trajectories of early
and late endosomes revealed that the motility of both early and late
endosomes was considerably enhanced by the addition of nanomi-
celles, as evidenced by the significant increase in the velocity and
the distance [p < 0.001, Figs. 8(a) and 8(b)].

Endosome velocity was further plotted as a function of incu-
bation time [Figs. 8(c) and 8(d)]. In untreated cells, the velocities of
early endosomes [Fig. 8(c)] and late endosomes [Fig. 8(d)] fluctu-
ated with a slight decrease with time, indicating that endosomes are
dynamic motile structures. In comparison, early and late endo-
somes in cells treated with cy5.5-HGC exhibited significantly high
velocities (p < 0.001) at all time points. Surprisingly, the velocity
of early endosomes displayed an overall, steady decrease [Fig. 8(c)],
while the late endosomes showed alternating slow and fast move-
ments, reaching a peak velocity of 12.66um/h between 100 and
110 min [Fig. 8(d)]. This peak indicated that the maturation of
early endosomes into late endosomes or the fusion of late
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FIG. 5. (a) Quantitative analysis of early endosome size in MDA-MB-231 cells
treated with cy5.5-HGC or cy5.5-HGC-B4F nanomicelles. The early endosomal
diameters of treated cells and untreated cells at each time point were compared
to the corresponding diameters at 0 h. (b) Ratio of nanomicelles entrapped in
the early endosomes to total nanomicelles within the cells treated with
¢cy5.5-HGC or cy5.5-HGC-B4F nanomicelles. The % nanomicelle entrapment at
each time point was compared to that at 0 h. All data are presented as the
mean + standard deviation of two independent experiments, n.s.: not signifi-
cant, *p < 0.05 significant, **p < 0.01 very significant, and ***p < 0.001
extremely significant.

endosomes with lysosomes was most apparent between 100 and
110 min.

IV. DISCUSSION

In this study, we present an approach with which HGC is bio-
conjugated to a model targeting ligand, B4F, using an
avidin-biotin-binding strategy. Due to the easy linkage of ligands,
this functionalization strategy has been proven to be a versatile tool
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FIG. 6. Spatial distribution of (a) EE and (b) LE in MDA-MB-231 cells treated with cy5.5-HGC, and (c) EE and (d) LE in untreated cells at 0 min. The yellow arrows indi-
cate the endosomes located in the cell periphery and the yellow arrowheads indicate the endosomes in the perinuclear region. Scale bar, 50 zm.

for preparing multifunctional nanocarriers for different site-specific
drug delivery applications.”*"> The complete biofunctionalized
nanomicelles (cy5.5-HGC-B4F) displayed an average diameter of
104.7 + 4.1nm with a surface charge of +3.1 + 0.7mV.
Nanocarriers with diameters larger than 200 nm are more likely to
be captured by phagocytic cells in the reticuloendothelial system
and small nanoparticles (<5nm) will be rapidly cleared by renal
filtration.**™** Thus, cy5.5-HGC-B4F nanomicelles with a diameter
of about 100 nm are expected to attain an extended circulation
time upon intravenous injection. In comparison, the average diam-
eter and zeta potential of cy5.5-HGC nanomicelles without the
avidin and biotin functionalization were found to be 269.2 +
7.1nm and +16.0 + 0.6 mV, respectively. The differences in diam-
eters and surface charges of cy5.5-HGC and cy5.5-HGC-B4F are
consequences of the biofunctionalization of HGC. More

specifically, the decreased amount of GC molecules per nanomi-
celle with the addition of biotin, avidin, and B4F molecule might
result in a reduction in nanomicelle size. This observation is in
agreement with a previous study in which nanoparticles shrank
due to a decreased amount of chitosan in chitosan/DNA nanopar-
ticles.”> Moreover, the relatively lower content of GC in
cy5.5-HGC-B4F resulted in the increased molar ratio hydrophobic
5B-cholanic acid to hydrophilic GC and, therefore, facilitated the
formation of more hydrophobic and more compact nanomicelles
than nonavidin-biotin-modified HGC."" The lower zeta potential
observed for cy5.5-HGC-B4F, compared to that for cy5.5-HGC,
may be attributed to the conjugation of sulfo-NHS-LC-biotin mole-
cules to GC. Based on the results from the HABA/avidin assay,
about 24 sulfo-NHS-LC-biotin molecules were successfully conju-
gated to each GC molecule, during which the conversion of
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FIG. 7. Representative tracks of movements and spatial distribution of (a) EE and (b) LE in MDA-MB-231 cells treated the cy5.5-HGC, and (c) EE and (d) LE in untreated
cells at 180 min. Scale bar, 50 um.

positively charged amino groups to amide linkages could lead to an
overall reduction in the positive surface charge.

Biotin, also known as vitamin H, plays an important role in
assisting various metabolic reactions related to amino acids and
carbohydrates and hence is expected to be nontoxic. Avidin is a
glycoprotein found in egg whites and its safety and biocompatibil-
ity have been proved in clinical trials.”” Although avidin, biotin,
and GC are generally considered to be safe, the linkage of biotin
and avidin to HGC might lead to potential toxicity. Thus, the cyto-
toxic effects of HGC and functionalized HGC were assessed
(Fig. 2). Compared to unmodified HGC, BHGC demonstrated
similar cytotoxic activity, indicating that the biotinylation process
indeed did not negatively affect the metabolic activity of cells.
However, surface modification by avidin enhanced the cytotoxic
capacity of the nanomicelles at the delivered concentration of

300ug/ml. Avidin has been reported to bind to lectins expressed
on the surface of tumor cells that develop peritoneal metastases.’"*””
Therefore, nanomicelles biofunctionalized with avidin could be rec-
ognized by lectins on the surface of breast cancer cells, and subse-
quently internalized into the cells, probably leading to enhanced
cellular uptake and subsequent cytotoxicity. This result correlates
with a previous study, where avidinylated and biotinylated chitosan
nanoparticles showed much more potent cytotoxicity against
HepG2 cells than biotinylated chitosan nanoparticles.”

Based on the CLSM and N-SIM images, at a delivered concen-
tration of 100 ug/ml, cy5.5-HGC-B4F nanomicelles were taken up
by MDA-MB-231 cells within 2h and were dispersed widely
throughout the cytoplasm for up to 24 h. The observed colocaliza-
tion of B4F and cy5.5 at all time points indicated the successful
linkage between B4F and HGC and suggested that the

Biointerphases 15(6), Nov/Dec 2020; doi: 10.1116/6.0000380
Published under license by AVS.

15, 061003-10


https://avs.scitation.org/journal/bip

Biointerphases

A Journal of Biomaterials and Biological Interfaces

A

ARTICLE avs.scitation.org/journal/bip

—o— Untreated
= HGC

1 1
O O OO A AN O OO DO O PP QD
DAY OO NN RO RS R

Time interval (min)

—©— Untreated
= HGC

—=Untreated 15.01
mHGC
251 - = 1254
*kk %
T 2 10.04
2 2
8 151 8 7.5¢
©
£ g
2 104 @ 50+
m -
- @
[ [
Z 5] ‘E\ & 251
w
1]
0 . . 0.0
EE LE O
—=Untreated 15.01
g =mHGC
*kk
= 12.51
E ek | %
g 61 =
= =y
;
o 41 g
o >
> [}]
® o]
©
(<] -
o 24 o
o & 25-
< u
0 T T 00 T
EE LE NN

{bQ

Time interval (min)
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(N =four cells in four independent experiments), ***p < 0.001 extremely significant.

biofunctionalized nanomicelles were stable in the intracellular envi-
ronment. The stability of cy5.5-HGC-B4F could be attributed to
the strong avidin-biotin bond known to be stable over a wide range
of pH and temperature.” In addition, the N-SIM images revealed
the rapid cellular uptake of biofunctionalized HGC nanomicelles
by MDA-MB-231 cells within 2h of incubation, which was
probably facilitated by the electrostatic interactions between the
cationic cy5.5-HGC-B4F with the negatively charged plasma
membrane of cells.”

Understanding intracellular fate and transport is critical for
the design of an efficient drug delivery platform. Generally, follow-
ing uptake, nanocarriers are transported from early endosomes to
late endosomes and lysosomes, with a significant drop in pH.”® The
acidic environment can disrupt chemical bonds and distort particle
structure, resulting in the rapid release of the therapeutic cargo.
Recently, super-resolution microscopy has been proposed as a pow-
erful tool to image particle-cell interactions and intracellular traf-
ficking of nanoparticles with subdiffraction resolution.'™”~ In
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the current study, the endosomal trafficking of cy5.5-HGC and
cy5.5-HGC-B4F possessing a smaller size and a less positive surface
charge compared to nonavidin-biotin-modified HGC was exploited
using N-SIM combined with quantitative image analysis.
According to Figs. 4 and 5, the clear entrapment of cy5.5-HGC
nanomicelles within individual early endosomes from 1 to 8 h post-
incubation and the accompanying swelling of early endosomes
were visualized with nanometric resolution. Subsequently, less
entrapment was observed, and the early endosomes shrank to their
original size after 24 h. Consistently, when the cells were treated
with cy5.5-HGC-B4F, the early endosomes swelled in size with
increased nanomicelle entrapment from 1 to 8 h and shrank from
18 to 24h postincubation. The enlargement of early endosomes
induced by the administration of cy5.5-HGC (269.2 nm, +16.0 mV)
and cy5.5-HGC-B4F (104.7 nm, +3.1 mV) nanomicelles with
different sizes and surface charges could be credited to the high buf-
fering capacity of chitosan.”’ In contrast, the early endosomes in
untreated cells remained the same size from 0 to 24 h postincuba-
tion. Taken together, these results support the proton sponge model,
which suggests that upon entry of nonavidin-biotin-modified or
modified HGC into the cells, the membrane-bound ATPase proton
pumps acidify the early endosomes by transporting protons from the
cytosol into the early endosomes. Once cationic HGC is entrapped
within early endosomes at 1h postincubation, the amines on HGC
likely become protonated under this acidic condition to resist the
acidification of early endosomes, and hence more protons are con-
tinuously pumped into the early endosomes to lower the pH. The
pumping of protons is compensated by the passive entry of chloride
ions (Cl7). The accumulation of Cl~ in the early endosomes eventu-
ally leads to an influx of water from the cytosol and ultimately
results in osmotic swelling and rupture of the endosomal membrane,
followed by the release of nanomicelles into the cytosol after 18 h
postincubation. In contrast, the other two possible theories of endo-
somal escape, polyplex-mediated membrane disruption and
polymer-mediated membrane disruption, do not suggest the swelling
of endosomal compartments and, therefore, may be unsuitable to
explain the escape behavior of HGC nanomicelles in MDA-MB-231
ceHS'Z‘),B()

Because the immunofluorescence staining was performed after
the cells were fixed, we next examined the fate of nanomicelles in a
living cell. As illustrated in Fig. 7, the early and late endosomes in
MDA-MB-231 cells treated with cy5.5-HGC exhibited a centripetal
movement from the cell periphery toward the perinuclear region.
The centripetal movement of endosomes is known to be mediated
by motor proteins such as kinesins and dynein bidirectionally
along microtubules and is considered as a sign of endosomal matu-
ration.'>** During this process, nanomicelles internalized from the
plasma membrane were trapped and transported by endosomes
from the cell periphery to the vicinity of lysosomes in the perinu-
clear area, which might affect the interaction of endosomes and
motor proteins and result in the high motility of endosomal
vesicles. Conversely, the observed short-range Brownian-like
motion of endosomes in untreated cells elucidated that early and
late endosomes are highly dynamic and motile compartments.

In general, early endosomes, as the first sorting compartment,
accept incoming cargo for only about 5-10 min, after which they
translocate and stop fusing with newly endocytosed vesicles.”” Late
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endosomes that are derived from early endosomes through matura-
tion, on the other hand, form in the peripheral cytoplasm and move
to the perinuclear area to fuse with each other and with lysosomes,
providing the last sorting station in the endocytic pathway.”**> Our
results demonstrated that during the first 10 min of incubation
with nanomicelles, early endosomes in MDA-MB-231 cells traveled
over a long distance of 1.89um [Fig. 8(c)], indicating that the
nanomicelles might be trapped in early endosomes immediately
after internalization and then transported from early endosomes
to late endosomes. Unlike early endosomes, late endosomes in
MDA-MB-231 cells treated with nanomicelles displayed a discontin-
uous pattern of movement with overall higher motility [Fig. 8(d)].
Similar findings have been observed in root hairs of Arabidopsis
seedlings, in which late endosomes exhibited discontinuous but
slower movements compared to early endosomes.”® The motility of
endosomes is reported to be regulated by different small GTPase
proteins, Rab5 and Rab7,°>"” leading to distinct motility profiles.
In our study, the late endosomes in nanomicelle-treated cells
showed a spike in motility between 100 and 110 min postincuba-
tion. This sudden acceleration may be related to the sorting of
endocytic cargo (ie., cy5.5-HGC) from early to late endosomes
during endosomal maturation or the fusion of late endosomes with
lysosomes. In spite of the fact that the roles of early and late endo-
somes in the endocytic pathways have been well-defined, the endo-
somal compartments are complex, dynamic, and unstable, as
trapped materials are transported in and out of the compartments
through transport vesicles and the endosomal compartments are
constantly undergoing maturation in the periphery, in transit, or in
the perinuclear region.'”***® Accordingly, both the entrapment
and transportation of cy5.5-HGC nanomicelles in early and late
endosomes could occur at the same time. Similarly, along with
endosomal trafficking, the maturation of early endosomes to late
endosomes or the fusion of late endosomes with lysosomes may
have occurred and their motility likely reached a plateau of
12.66um/h from 100 to 110 min after the initial exposure to
cy5.5-HGC. Although the proton sponge model offers a reasonable
explanation for the early endosomal escape behavior of HGC, we
note that late endosomes are actively involved in the endocytic
pathways of cy5.5-HGC nanomicelles in MDA-MB-231 cells, as
evidenced by our live-cell imaging data. It is possible that a fraction
of HGC nanomicelles were able to escape the early endosomes,
while others were shuttled to late endosomes and/or lysosomes.
Consistently, in HeLa cells, some HGC nanomicelles were found in
late endosomes and lysosomes, and some were dispersed in the
cytosol upon entry.”” Altogether, the endocytic trafficking of HGC
could be summarized as follows: (1) HGC nanomicelles were first
received and transported by early endosomes immediately after
internalization; (2) some of the nanomicelles facilitated early endo-
somal escape while others were fused into late endosomes and
transported from the cell periphery to the perinuclear regions.
Further research will be needed to conclusively address the intracel-
lular trafficking behavior of HGC nanomicelles.

In conclusion, we have proposed a versatile and simple bio-
functionalization  strategy for HGC nanomicelles. The
biotin-avidin-functionalized HGC shows enhanced cytotoxic activ-
ity upon the surface modification of avidin and is rapidly taken up
by MDA-MB-231 breast cancer cells. In addition, the nanomicelle
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entrapment studies on fixed cells using N-SIM show that both
nonavidin-biotin-modified and modified HGC nanomicelles
undergo endosomal escape via the proton sponge effect, as evi-
denced by the swelling (i.e., at 1-8 h postincubation) and the subse-
quent shrinkage (i.e., at 18-24h postincubation) of the early
endosomes in cy5.5-HGC- and cy5.5-HGC-B4F-treated cells. The
time-lapse videomicroscopy performed on single living cells further
demonstrates that cy5.5-HGC nanomicelles are first received by
early endosomes after internalization and that the intracellular
transportation of HGC is coregulated by early endosomes, late
endosomes, and the maturation and fusion events between endoso-
mal and lysosomal compartments. Live-cell imaging techniques
allow the direct visualization of the centripetal movements of early
and late endosomes and will be a powerful tool for studying drug
delivery trafficking and understanding how endocytic pathways can
influence the efficiency of drug delivery systems.

NOMENCLATURE

BGC biotinylated glycol chitosan

BGCA biotinylated and avidinylated glycol chitosan
BHGC biotinylated HGC

BHGCA hydrophobically modify BGCA

B4F biotin-4-fluorescein

CLSM confocal laser scanning microscopy

cy5.5 cyanine5.5 NHS ester

cy5.5-HGC-B4F
DAPI

biotin-avidin-functionalized HGC
4 ,6-diamidino-2-phenylindole dihydrochloride

DLS dynamic light scattering

EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodii-
mide hydrochloride

EPR enhanced permeability and retention

FBS fetal bovine serum

GC glycol chitosan

GFP green fluorescent protein

HABA 4 -hydroxyazobenzene-2-carboxylic acid

HGC hydrophobically modified glycol chitosan

MMP matrix metalloproteinase

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium

RES reticuloendothelial system

SIM structured illumination microscopy

sulfo-NHS N-hydroxysuccinimide sodium salt

TEM transmission electron microscopy

WGA wheat germ agglutinin
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